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Abstract 

Microstructure  evolution,  mechanical  properties,  formability,  and  texture 
development  were  determined  for  AA6111  samples  processed  by  asymmetric  rolling 
(ASR)  with  different  roll  friction,  velocity,  or  diameters,  conventional  rolling  (CR), 
and  equal-channel-angular  pressing  (ECAP).  Highly  elongated  or  sheared  grain 
structures  were  developed  during  ASR/CR  and  ECAP,  respectively.  ASR  led  to 
improved  r-values  and  formability  compared  to  CR  primarily  as  a  result  of  the 
development  of  moderate  shear-texture  components  analogous  to  those  developed 
during  ECAP  of  billet  material.  ASR  based  on  different  roll  diameters  gave  the  best 
combination  of  strength,  ductility,  and  formability. 


Key  words:  Severe  Plastic  Deformation,  Asymmetric  Rolling,  Equal  Channel 

Angular  Pressing,  Aluminium  Alloy  6111 


1.  INTRODUCTION 

The  expanding  use  of  aluminum  alloys  instead  of  steels  in  automotive 
components  is  driven  by  the  desire  to  reduce  weight  and  fuel  emissions.  For  example, 
the  replacement  of  steel  parts  with  aluminum  can  reduce  the  weight  by  approximately 
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40-50  percent  [1],  However,  aluminum  alloys  are  more  expensive  and  have  inferior 
formability  compared  to  steels.  Among  the  many  possible  aluminum  alloys  for 
automotive  applications,  AA6111  in  sheet  form  has  become  the  most  promising 
candidate  for  body  panels  due  to  its  good  corrosion  resistance,  reasonable  formability, 
and  excellent  paint  bake  hardening  to  a  strength  level  above  300  MPa  without  the 
need  for  a  separate  age-hardening  step  [2], 

Despite  significant  work  in  the  area  of  thermo-mechanical  processing, 
conventional  rolling  techniques  used  to  produce  AA6111  sheets  [3]  do  not  yield  a 
competitive  material  for  auto-body  applications  inasmuch  as  the  resulting  formability 
is  not  sufficient  to  justify  the  manufacturing  cost.  Limitations  in  formability  due  to  the 
rolling  texture  can  be  greatly  reduced  through  the  use  of  an  additional  processing  step 
to  develop  a  shear  texture  into  the  sheet  product.  For  this  purpose,  recent  attention  has 
focussed  on  severe-plastic-deformation  processes  such  as  equal  channel  angular 
pressing  (ECAP)  which  imparts  large  deformation  in  simple  shear.  Accordingly,  a 
few  continuous  ECAP  processes  for  sheet  products  have  emerged  [4-7],  but  are  still 
under  development  due  to  problems  associated  with  the  large  surface  area-to- 
thickness  ratio.  Furthermore,  state-of-the-art  continuous  ECAP  equipment  is  not  easy 
to  implement  in  industrial  practice  because  of  drawbacks  such  as  the  tendency  for 
buckling/mechanical  instability  and  the  control  of  sheet  surface  finish  and  thickness. 
In  particular,  recent  research  on  continuous  ECAP  processing  of  sheet  has  shown  that 
simple  shear  is  not  easy  to  introduce  into  sheet  material  without  the  superposition  of 
bending  stresses  and  decreases  in  thickness  [7,  8].  Intense  shear  deformation  (and 
thinning)  may  also  lead  also  to  temperature  increases,  partial  recrystallization,  and  the 
formation  of  an  undesirable  cube  texture. 
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Another  well-known  process  which  introduces  simple  shear  through  the 
thickness  of  sheet  is  asymmetric  rolling  [9-12],  Asymmetric  rolling  is  relatively 
simple  and  overcomes  a  number  of  the  shortcomings  of  continuous  ECAP.  The 
asymmetry  of  metal  flow  can  be  introduced  by  using  different  roll  diameters,  roll 
rotational  speeds,  or  roll-surface  frictional  conditions.  In  recent  work  [12],  it  was 
found  that  subsequent  sheet  formability  depended  on  the  specific  method  used  for 
asymmetric  rolling  despite  the  similarity  in  metal  flow  in  all  cases.  However,  a 
systematic  study  of  the  influence  of  different  possessing  techniques  on  properties  and 
microstructure  of  sheet  has  yet  to  be  performed. 

One  of  the  most  important  factors  that  affect  formability  (especially  in  deep- 
drawing  operations)  is  crystallographic  texture  through  its  role  in  determining  normal- 
and  planar-  plastic  anisotropy  (i.e.,  the  Lankford  r-value  and  Ar  value,  respectively). 
In  this  regard,  asymmetric  rolling  and  ECAP  both  give  rise  to  beneficial  textures.  For 
example,  textures  developed  during  the  asymmetric  rolling  of  several  different 
aluminium  alloys  were  determined  in  [6,  11-13].  In  [12],  it  was  found  that  the  r-value 
of  AA1050  was  significantly  increased  due  to  slight  texture  changes  during  the 
annealing  of  sheets  processed  under  differential-friction  conditions.  Noticeable  shear 
textures  were  produced  with  differential-speed  rolling  of  AA5182  A1  [13],  leading  to 
a  slight  increase  in  the  r-value.  The  textures  that  are  developed  during  differential- 
speed  rolling  of  AA61 1 1  have  also  been  studied  in  detail  in  reference  1 1,  in  which  it 
was  shown  that  texture  rotations  due  to  shear  can  be  modelled  with  a  Taylor 
poly  crystalline-plasticity  model.  Textures  formed  during  the  continuous  ECAP  of 
sheet  have  also  been  determined  for  AA1050  [6]  and  AA6111  [8].  Several  ECAP 
passes  were  required  to  obtain  shear  textures  in  AA1050  sheet  [6].  In  both  [6]  and  [8], 
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the  presence  of  a  cube  (or  rotated-cube)  component,  which  is  detrimental  to  the 
development  of  high  r- values  and  good  formability,  was  also  observed. 

The  objective  of  the  present  work  was  to  obtain  a  direct  comparison  of  the 
microstructures,  mechanical  properties,  and  formability  developed  during  both 
conventional  and  asymmetric  rolling  for  a  specific  aluminum  alloy,  AA  6111.  The 
resulting  properties  were  compared  to  those  obtained  in  material  processed  via  ECAP 
of  bulk  samples  as  well  as  sheet  material  [8]  deformed  to  the  same  level  of  strain.  The 
effect  of  texture  on  the  formability  characteristics  was  also  examined  in  detail. 

2.  MATERIAL  AND  PROCEDURES 

The  program  material  consisted  of  the  aluminum  alloy  AA  61111  containing 
(in  weight  pet.)  0.74  Mg,  0.64  Si,  0.69  Cu,  0.12  Fe,  and  0.17  Mn.  DC-cast  billets  were 
supplied  by  Comalco  Aluminium,  Ltd.  Samples  with  a  rectangular  cross-section 
measuring  20mm  x  20mm  and  length  of  120  mm  were  cut  from  the  billet  and  solution 
treated  at  500°C  for  1  h  followed  by  water  quenching  prior  to  subsequent  processing. 
Heat-treated  samples  were  rolled  (in  18  to  25  passes)  from  20-mm  thickness  to  2  mm 
(i.e.,  overall  thickness  reduction  of  90  pet.)  by  a  number  of  different  techniques 
(Table  1).  Other  samples  were  subjected  to  one  pass  of  ECAP  at  room  temperature  in 
a  90-degree  die  introducing  an  equivalent  strain  of  1.15  into  the  material.  The  ECAP- 
processed  samples  were  then  sliced  in  either  in  the  y-  or  z-  planes  (Fig.  1)  to  obtain  2- 
mm  thick  sheets. 

The  microstructure  of  the  starting  and  deformed  materials  in  the  plane  of  the 
sheet  was  characterized  by  optical  microscopy  (OM)  and  transmission-electron 
microscopy  (TEM),  the  latter  using  a  CM20  microscope  operated  at  200  kV.  For  this 
purpose,  TEM  foils  were  prepared  using  a  twin-jet  Struers  Tenupol-5  electropolishing 
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unit  and  a  solution  of  33  pet.  nitric  acid  in  methanol  at  30  V,  -200  mA,  and  a  bath 
temperature  of  -20°C.  Bright-field  (BF)  images  and  selected-area  electron  diffraction 
(SAED)  patterns  (with  an  aperture  size  of  1.1  pm)  were  taken  for  analysis. 

The  mechanical  properties  of  material  subjected  to  various  numbers  of  passes 
were  characterized  via  uniaxial  tension  testing  in  an  Instron  (Micro-Tester)  5848 
machine  and  a  small-scale  Swift  (flat-bottom)  cup  test.  The  tension  tests  were 
conducted  at  a  strain  rate  of  0.01  s'^  using  samples  cut  along  the  longitudinal  (0°), 
transverse  (90“),  and  diagonal  (45°)  directions.  The  normal  plastic  anisotropy  (r- 
value)  and  planar  anisotropy  ( Ar )  were  determined  from  the  tension  tests  according 
to  the  procedure  in  ASTM  Standard  E  517-00.  The  Swift  test  used  a  6-mm  diameter 
punch  and  round  disks  of  various  diameters  (between  9.5  and  14.6  mm)  which  had 
been  ground  and  polished  to  the  required  thickness  of  0.4  mm  using  Tenupol-1 
equipment. 

The  plastic  anisotropy  and  drawing  behavior  were  interpreted  in  the  context  of 
the  textures  developed  in  as-deformed  and  deformed-and-annealed  conditions.  To  this 
end,  partial  (0  <  %  <  80°)  pole  figures  (PFs)  for  the  (1 1 1),  (200),  and  (220)  planes  were 
determined  using  in-plane  samples  and  a  GBC-MMA  texture  goniometer  with  a  Cu 
K«  anode  and  a  poly-capillary  beam  enhancer  that  collimates  the  beam  to  a  1  Ox  10  mm 
cross-section.  Without  imposing  sample  symmetry  conditions,  the  spherical- 
harmonics  method  was  used  with  the  partial  pole  figures  to  obtain  orientation 
distribution  functions  (ODFs)  from  which  complete  pole  figures  were  obtained. 
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3.  RESULTS  AND  DISCUSSION 


3.1  Optical  Microstructure  Observations 

Microstructures  of  the  as-annealed  AA6111  billet  material  and  sheets  after 
processing  by  each  of  the  technique  listed  in  Table  1  are  shown  in  Fig.  2  (a-g). 

The  annealed  material  had  an  equiaxed  structure  with  a  grain  size  of  150  ±  50 
pm.  The  microstructure  of  conventionally-rolled  and  asymmetricly-rolled  sheets 
revealed  highly-elongated  grains  with  some  evidence  of  non-uniformly  distributed 
shear  through  the  thickness  for  ASRd  and  ASRp  (Fig.  2c,  e).  On  the  other  hand,  there 
was  no  clear  evidence  of  shear  for  CR  and  ASRy  samples  (Fig.  2b,  d).  A  comparison 
of  the  microstructures  in  AA6111  ASR  and  continuous  ECAP  samples  did  not  show 
wavy  patterns  of  small  amplitude  along  the  RD  nor  non-uniform  flow  through  the 
sheet  thickness,  two  characteristics  which  have  been  observed  previously  [8]  for 
continuous  ECAP  processing  of  the  sheet.  Superimposed  bending  and  shear 
deformation  was  also  not  apparent.  However,  the  simple-shear  deformation  mode 
during  ASR  was  not  seen  clearly  as  for  ECAPy  -  processed  samples  (Fig.  2g).  Despite 
the  obvious  shear  pattern  in  ECAP  when  viewed  on  the  y-  plane,  the  z-plane  did  show 
large  (~  100  pm)  grains  and  some  shear  bands  within  the  grains  (Fig.  2f). 

3.2  TEM  Microstructure  Observations 

High-magnification  TEM  images  of  AA6111  sheet  samples  after  processing 
by  each  technique  are  shown  in  Fig.  3a-f;  the  diffraction  patterns  were  taken  at  low 
magnification.  The  images  revealed  a  very  high  degree  of  grain  refinement.  The 
grain-boundary  misorientations  were  low  for  conventionally-rolled  samples  (Fig.  3a) 
and  the  sample  processed  by  one  ECAP  pass  which  had  been  cut  in  z-plane  (Fig.  3e). 
These  results  contrasted  to  the  observations  for  the  ECAP  sample  cut  in  the  y-plane 
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(Fig.  3f)  and  all  of  the  asymmetricly-rolled  samples  (Fig.  3b,  c,  d).  The  diffraction 
patterns  for  ASRd  and  ECAPy  samples  (Fig.  3b,  f)  were  typical  of  those  for  materials 
which  have  undergone  large  plastic  deformation,  resulting  in  a  more  smeared  out 
distribution  of  diffraction  spots  characterising  increased  cell  misorientations. 

Detailed  examination  of  the  TEM  images  revealed  that  the  structure  in  CR 
samples  consisted  of  very  thick  cell  walls,  in  contrast  with  the  other  heavily  deformed 
samples  which  exhibited  very  sharp  cell  walls.  The  ASRo-processed  samples  showed 
the  highest  average  dislocation  density  inside  the  cells  including  the  formation  of 
dislocation  pile-ups  and  a  highly  tangled  dislocation  structure.  Larger  cell  sizes  and 
lower  intra-cellular  dislocation  densities  (possibly  indicative  of  enhanced  dynamic 
recovery  and  continuous  dynamic  recrystallization)  were  observed  for  samples 
processed  by  ASRy  and  ASRf  (Fig.  3c,  d). 

3.3  Mechanical  Properties 
3.3.1  Tensile  properties 

The  tensile  properties  of  sheet  samples  tested  along  the  longitudinal  (0°), 
transverse  (90'’),  and  diagonal  (45°)  directions  are  summarized  in  Fig.  4-6  and  Table  2. 

Not  surprisingly,  the  ECAPz  sheet  exhibited  tensile  properties  similar  to  those 
obtained  after  one  ECAP  pass  and  tested  in  bulk  form  [8].  Similar  ductility  but  higher 
strength  was  obtained  for  ECAP  sheets  cut  along  the  y-plane  of  the  bulk  ECAP 
sample.  Moreover,  sheet  samples  subjected  to  different  asymmetric  rolling  techniques 
and  conventional  rolling  demonstrated  similarly  high  levels  of  strength  between  218 
and  256  MPa.  The  highest  tensile  ductility  of  ~20  pet.  was  obtained  for  ASRd  sheet. 
This  value  is  far  greater  than  the  ductility  measured  for  materials  rolled  by  other  ASR 
techniques  and  ECAP  samples,  i.e.,  <  10  pet.,  as  well  as  that  for  conventionally-rolled 
sheet  (12-14  pet). 
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3.3.2  Plastic  anisotropy 

The  normal  plastic  anisotropy  or  r-value  (i.e.,  the  ratio  of  the  strains  in  the 
width  and  thickness  directions  of  a  sheet  material  in  an  uniaxial  tension  test)  and  the 
planar  plastic  anisotropy  or  Ar  (a  measure  of  the  variation  of  the  r-value  with 
orientation  within  the  sheet)  are  useful  indicators  of  deep-drawing  performance.  A 
high  r-value  is  advantageous  as  it  indicates  a  reduced  tendency  to  thin  in  the  thickness 
direction  (which  typically  initiates  failure  in  a  drawing  operation). 

The  values  of  the  average  normal  anisotropy,  f ,  and  planar  plastic  anisotropy, 
Ar ,  are  given  in  Table  3. 

The  data  in  Table  3  indicate  that  asymmetric  rolling  gave  r -values  (0.64-0.82) 
which  are  slightly  higher  than  that  for  conventionally-rolled  material  (0.62). 
Differential-friction  rolling  provided  a  normal  anisotropy  similar  to  that  obtained  via 
conventional  rolling  in  agreement  with  previous  observations  [12].  Asymmetric 
rolling  using  rolls  of  different  diameter  appears  to  be  the  best  ASR  technique  to  obtain 
the  best  combination  of  high  f  and  low  Ar ,  and  hence  the  best  drawability  and 
smallest  ears  during  deep-drawing  operations. 

ECAP  processing  also  increased  f  to  -0.75  which  is  much  higher  than  0.39, 
the  value  obtained  for  sheet  processed  by  continuous  ECAP  [8].  In  the  previous  effort, 
such  a  low  value  was  attributed  to  thinning  and  bending  stresses  superimposed  onto 
the  shear  deformation  during  ECAP  of  sheet.  The  planar  plastic  anisotropy  was  high 
for  sheets  cut  in  y-plane  from  the  ECAP  sample,  but  quite  low  for  sheets  cut  in  z- 
plane,  a  trend  in  agreement  with  prior  results  [12]. 
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3.3.3  Deep-drawing  behavior 

Typical  observations  from  the  Swift  cup  test  used  to  establish  the  effect  of 
deformation  technique  on  the  limiting  drawing  ratio  (LDR)  are  shown  in  Fig.  6.  The 
ECAPy  material  showed  slightly  larger  LDR  than  the  CR  material.  The  maximum 
drawing  force  as  a  function  of  the  ratio  of  disk-to-cup  diameter  was  used  to  determine 
the  LDR  (Fig.  7,  vertical  broken  lines).  A  comparison  of  the  results  for  different 
processing  techniques  (Fig.  7,  Table  4)  showed  that  asymmetric  rolling  with 
differential  friction  and  roll  velocities  gave  rise  to  slightly  lower  LDR  compared  with 
conventional  rolling,  while  asymmetric  rolling  with  different  roll  diameters  gave 
slightly  higher  LDR.  Similar  plots  for  ECAP-processed  samples  (Fig.  8,  Table  4) 
showed  noticeably  greater  improvement  in  LDR  compared  to  asymmetric  rolling, 
although  the  r-values  after  both  ASR  and  ECAP  were  very  similar. 

3.4  Texture  and  Formability 

3.4.1  Texture  measurements 

The  textures  after  conventional  rolling  (CR)  and  different  types  of  asymmetric 
rolling  are  displayed  in  Fig.  9.  After  CR,  the  texture  showed  the  usual  components 
including  a  particularly  pronounced  ‘Cu’  component  (Fig.  9a).  After  asymmetric 
friction  rolling  (ASRf),  the  texture  was  very  similar  to  that  for  conventional 
(symmetric)  rolling  except  that  it  was  slightly  rotated  opposite  to  the  rolling  direction 
(by  about  2°;  Fig.  9b).  This  effect  was  accentuated  for  asymmetric  rolling  with  a 
velocity  differential  (ASRv)  (Fig.  9c).  Finally,  ASRd  conditions  resulted  in  a  texture 
that  was  very  different  from  the  conventional  rolling  texture  (Fig.  9d). 

The  rotations  of  the  textures  are  due  to  a  shear  component  of  varying 
magnitude.  With  an  increase  in  shear  deformation,  the  texture  should  approach  that  of 
a  shear-type  texture.  The  shear  is  expected  to  act  nearly  in  the  rolling  plane  along  the 
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rolling  direction  (RD).  In  order  to  estimate  the  effect  of  shear  in  asymmetric  rolling 
on  overall  texture  evolution,  a  {111}  pole  figure  showing  the  positions  of  the  ideal  fee 
shear  textures  in  the  rolling-plane  projection  was  constructed  (Fig.  10).  In  this  figure, 
the  shear  plane  is  the  ND  plane,  and  the  shear  direction  is  the  RD.  The  ideal  texture 
components  shown  in  the  pole  figure  are  summarized  in  Table  5.  The  two  ideal  shear 
fiber  textures  are  also  identified  in  Fig.  10:  the  A  fibre  (with  its  A,  Al,  and  A2 
components)  and  the  B  fiber  (along  which  there  are  the  A,  B  and  C  orientations).  Note 
that  there  is  a  distinction  between  A  and  A  as  well  as  between  the  B  and  B 
components  in  Table  5;  both  of  them  are  called  simply  the  A  component  in  Fig.  10  for 
the  reason  that  they  are  expected  to  have  the  same  intensities,  respectively,  due  to  the 
two-fold  symmetry  around  the  RD  in  asymmetric  rolling. 

It  is  well  known  that  a  <111>  ||  ND  improves  formability  while  <00 1>  ||  ND 
reduces  it  [14].  As  can  be  seen  in  Fig.  10,  the  A  fiber  of  simple  shear  is  actually  a 
<11 1>  II  ND  fiber  if  shear  is  taking  palace  within  the  ND  plane.  Thus,  this  texture 
component  improves  formability.  However,  the  C  orientation,  which  is  usually  of 
high  intensity  in  the  textures  of  aluminum  [15],  is  a  (001)[110]  orientation  that  leads 
to  reduced  formability. 

A  comparison  of  the  textures  developed  during  asymmetric  rolling  and  the 
ideal  orientations  due  to  simple  shear  indicates  that  the  rolling  textures  were  far  from 
the  ideal  shear  textures.  The  ASRd  texture  deviated  most  from  the  symmetrical- 
rolling  case.  The  identification  of  the  ideal  components  of  the  ASRd  texture  in  terms 
of  ideal  shear  textures  is  discussed  further  below. 

The  texture  after  one-pass  ECAP  is  shown  in  Fig.  11  in  both  the  ND  and  TD 
views.  Using  the  ND  view,  the  ECAP  texture  was  found  to  be  very  different  from  the 
rolling  textures  (Fig.  9).  The  reason  for  this  behaviour  is  that  the  ECAP  texture  is  100 
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pet.  shear  in  which  the  shear  plane  lies  at  45°  with  respect  to  ND.  The  <1 1 1>  ||  ND 
component  of  this  texture  was  very  pronounced  for  the  ECAP  case  because  of  the 
strong  intensity  of  the  texture  near  the  center  of  the  pole  figure.  The  <1 1 1>  ||  ND  fiber 
(indicated  by  the  broken  circle  in  Fig.  1  la),  however,  is  only  a  partial  one. 

Typically,  shear  textures  are  studied  more  conveniently  from  the  TD  direction, 
not  from  the  ND.  This  is  why  the  TD-view  pole  figure  is  shown  in  Fig.  1  lb.  With  the 
help  of  the  key  ideal  ECAP  orientations  (Fig.  12),  the  texture  can  be  characterized  by 
a  strong  C  component  with  lower  intensity  A  and  A1  components. 

For  a  better  understanding  of  the  relation  between  shear  and  rolling  textures, 
the  rolling  textures  are  also  shown  in  the  TD  view  in  Fig.  13.  The  ideal  components  of 
the  shear  texture  are  also  plotted  in  the  same  projection  (Fig.  14).  Detailed  inspection 
of  the  location  and  the  intensity  of  the  rolling-texture  components  in  conjunction  with 
the  ideal  components  of  the  shear  texture  (Fig.  14)  revealed  that  there  are  large 
differences  for  all  cases.  For  example,  the  reflections  of  the  C  shear  components  were 
not  all  found  (Fig.  13)  indicating  that  C  was  not  an  ideal  component  for  rolling.  There 
was  also  a  continuous  fibre  between  the  A-  A  locations  in  rolling  while  it  is  not  an 
ideal  region  in  shear.  The  only  certain  sign  of  the  presence  of  shear  in  the 
asymmetricly  rolled  textures  was  a  tilt  of  the  texture  from  its  symmetrical  position. 
This  rotation  was  the  largest  for  the  ASRv  case.  Such  rotations  are  well  known  in 
shear  and  caused  by  the  asymmetric  nature  of  the  lattice  rotation  field  [16]. 

The  texture  corresponding  to  ASRd  processing  had  a  character  distinct  from 
the  other  ASR  processes.  Specifically,  it  seemed  to  be  similar  to  the  texture  that  can 
be  obtained  in  ECAP.  This  can  be  seen  by  comparing  this  texture  with  the  ideal 
texture  positions  of  ECAP  presented  in  Fig.  12.  The  similarity  is  striking,  although 
there  is  a  ~10°  rotation  difference  between  them.  In  this  way,  the  texture  obtained  via 
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ASRd  can  be  identified  with  a  strong  A  component  together  with  a  weaker  A2 
component.  A  and  A2  are  actually  present  in  all  textures,  although  in  a  10-15°  rotated 
position.  These  components,  however,  correspond  to  a  shear  that  is  far  from  the 
rolling  plane. 

3.4.2  Relation  between  texture  and  formability 

The  texture  characteristics  presented  in  the  preceding  section  can  now  be  used 
in  the  interpretation  of  the  formability  of  material  processed  via  ASR  or  ECAP. 

The  ASRd  case  contrasted  with  the  other  two  asymmetric  rolling  methods 
with  respect  to  the  texture  that  was  developed  and  the  resulting  mechanical  properties. 
First,  the  tensile  yield  strength  after  ASRd  (Table  2)  was  the  lowest  among  all  the 
results  for  ASR  and  conventionally-rolled  materials.  This  can  be  rationalized  on  the 
basis  of  the  A  texture  component  that  lay  at  -45°  with  respect  to  the  sheet  normal. 
This  implies  that  there  were  many  crystals  with  their  {111}  planes  oriented  near  45° 
to  the  RD  direction.  During  tension  testing,  these  planes  would  have  been  in  a 
favourable  position  for  slip  because  they  coincided  with  the  maximum  shear  stress 
plane.  Therefore,  single  slip  of  systems  with  a  high  Schmid  factor  was  favored. 
Moreover,  the  positions  of  the  other  three  (111)  slip  planes  were  such  that  they  would 
have  enabled  single  slip  during  tension  tests  for  samples  lying  either  45°  or  90°  to  the 
RD.  For  these  latter  tests,  however,  the  geometrical  situation  was  less  ideal  than  for 
the  RD  tension  test. 

The  measured  r-values  (Table  3)  for  all  processing  methods,  except  ECAPz, 
were  generally  smaller  for  RD  tension  tests.  The  interpretation  of  this  observation 
again  can  be  related  to  the  A  texture  component  present  in  all  cases  to  varying  degrees 
and  with  various  tilts.  The  deformation  related  to  this  component  when  pulling  the 
sample  in  the  RD  direction  is  of  key  interest.  Considering  the  ideal  position  of  A, 
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single  slip  is  favoured  for  one  of  the  {111}  planes  of  A-oriented  crystals  that  are 
oriented  at  45°  with  respect  to  RD  and  also  at  45°  with  respect  to  ND.  At  the  same 
time,  the  slip  direction  is  perpendicular  to  TD.  For  this  ideal  case,  there  would  be  no 
change  in  the  width  of  the  specimen.  Thus,  the  r  value  would  be  zero.  In  reality,  A 
was  not  the  only  texture  component;  there  were  other  components  which  gave  rise  to 
higher  r  values.  Nevertheless,  a  strong  A  component  did  indeed  lead  to  the  low  RD  r 
values  shown  in  Table  3. 

The  ductility  of  the  ASRo-processed  material  was  outstanding  with  respect  to 
that  from  all  other  processes,  including  even  ECAP  (Table  2,  Fig.  5).  Again,  this 
behavior  can  be  related  to  the  shear  nature  of  the  deformation  during  tension  of  ASRd 
and  possibly  lower  rates  of  cavity  nucleation  or  growth  that  control  ductility.  The 
deep  drawability  of  the  ASRd  material  is  also  marginally  better  than  that  produced  by 
other  techniques,  an  effect  attributable  to  its  higher  value  of  r .  For  these  reasons, 
ASRd  is  the  most  promising  of  the  asymmetric-rolling  techniques  with  respect  to 
improving  sheet-metal  formability. 

The  ECAP-processed  material  also  exhibited  interesting  formability 
characteristics,  particularly  its  deep-drawing  capacity,  which  is  the  highest  among  all 
of  the  processes.  This  benefit  can  be  attributed  to  its  strong  <11 1>  ||  ND  fiber  (Fig. 
11a).  From  an  analysis  of  the  ideal  orientations  in  ECAP  textures  (Fig.  12),  one  can 
speculate  on  the  best  possible  <1 1 1>  ||  ND  fiber  that  would  provide  the  best  drawing 
capacity.  It  is  apparent  from  Fig.  12  that  a  counter-clockwise  rotation  of  -10°  would 
result  in  close  coincidence  of  the  (111)  reflections  of  the  C  component  with  the 
<1 1 1>  II  ND  fiber.  To  obtain  such  a  texture,  it  can  be  shown  that  a  die  angle  of  -1 10° 
is  required. 
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When  larger  ECAP  die  angles  are  used,  several  passes  are  necessary  to  obtain 
textures  that  would  lead  to  improved  formability  [6],  The  process  known  as  ‘frictional 
angular  extrusion’,  in  which  material  is  fed  into  the  ECAP  die  with  the  help  of  friction, 
falls  into  this  category.  Such  processes,  however,  can  give  rise  to  temperature 
increases  accompanying  the  large  plastic  strain  resulting  in  the  formation  of  a  cube  or 
rotated  cube  texture  component  due  to  recrystallization.  Such  a  component  leads  to 
poor  formability.  A  nearly  pure  cube  component  has  been  obtained  using  a  similar 
continuous  EC AP-sheet  process  [8]. 

Conclusions 

The  ECAP  of  bulk  AA6111  produces  material  with  relatively  good 
mechanical  properties,  a  shear  texture,  and  hence  high  r-values.  On  the  other  hand, 
continuous  ECAP  of  sheet  produces  inferior  LDR  and  r-values  [8].  The  reason  of  this 
deterioration  appears  to  be  the  formation  of  a  cube  texture  due  to  deformation  heating 
induced  by  high  per-pass  strain  and  high  friction  heating  at  the  surfaces  of  the  sheet, 
hence  leading  to  recrystallization.  Because  of  the  much  smaller  per-pass  strains 
imposed  during  asymmetric  rolling  (ASR),  such  an  effect  is  minimized  for  sheet 
materials,  resulting  in  improved  mechanical  properties.  It  has  been  found  that  all 
three  variants  of  ASR  (comprising  differential  roll  friction  (F),  speed  (V),  or  diameter 
(D))  introduce  shear  deformation  and  improved  r-values  and  LDRs  for  AA61 1 1  sheet. 
The  improvement  is  greatest  for  ASRd  and  least  for  ASRp.  ASRd  produces  high 
tensile  ductility,  comparatively  higher  average  normal  anisotropy  (f),  low  planar 
anisotropy  (  Ar  ),  and  a  simple-shear  texture  significantly  different  from  that 
developed  during  conventional  rolling  but  similar  to  that  produced  by  ECAP. 
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Table  1.  Different  techniques  used  to  process  AA61 1 1  sheet 


Designation 

Technique 

Comments 

CR 

Conventional 

Rolling 

No  lubricant,  diameter  of  both  rolls:  90  mm 

ASRv 

Asymmetric 

Rolling 

Differential  velocity  with  angular  speed  ratio: 
CO1/CO2  =  2 

ASRd 

Asymmetric 

Rolling 

Differential  roll  diameters  with  ratio:  di/d2=  2 

ASRf 

Asymmetric 

Rolling 

Differential  friction,  one  sheet  surface  dry;  the 
other  lubricated  with  mineral  oil 

ECAPy 

1  pass  ECAP 

Bulk  sample  sliced  into  sheets  in  y  -  plane 

ECAPz 

1  pass  ECAP 

Bulk  sample  sliced  into  sheets  in  z  -  plane 

Table  2.  Yield  strength,  tensile  strength,  and  tensile  ductility  for  AA61 1 1  sheet 

processed  by  various  techniques. 


Test 

Direction 

CR 

ASRv 

ASRd 

ASRf 

ECAPz 

ECAPy 

Yield  Strength,  Oy  (MPa) 

0° 

203 

225 

167 

227 

154 

199 

0 

0 

199 

203 

156 

224 

165 

205 

45° 

202 

210 

170 

221 

175 

200 

Ultimate  Tensile  Strength,  Ou  ( 

MPa) 

0° 

255 

246 

223 

242 

165 

211 

0 

0 

256 

215 

218 

245 

181 

225 

45° 

247 

233 

234 

235 

196 

214 

Total  Elongation  (pet.) 

0° 

13 

8.3 

17.8 

9.3 

9.2 

8.5 

0 

0 

12 

6.4 

20.2 

8.8 

7.1 

7.9 

45° 

14 

5.5 

20.0 

9.4 

6.5 

7.3 

18 


Table  3.  Normal  and  planar  plastic  anisotropy  measurements* 


Processing  Condition 

ro 

rgo 

1*45 

r 

Ar 

CR 

0.45 

0.92 

0.56 

0.62 

0.13 

ASRv 

0.61 

0.69 

0.81 

0.73 

0.16 

ASRd 

0.77 

0.94 

0.79 

0.82 

0.06 

ASRf 

0.55 

0.85 

0.86 

0.64 

0.16 

ECAPz 

0.75 

0.73 

0.67 

0.71 

0.07 

ECAPy 

0.55 

0.72 

0.99 

0.81 

0.36 

*  r  =  (ro  +  2r45  +  r9o)/4;  Ar  =  (ro  -  2r45  +  r9o)/2 


Table  4.  LDR  (maximum  disk  diameter  :  punch  diameter)  measurements 


Process: 

CR 

ASRv 

ASRd 

ASRf 

ECAPz 

ECAPy 

LDR: 

1.77 

1.74 

1.80 

1.72 

1.96 

1.94 

TABLE  5.  Ideal  texture  components  for  deformation  via  simple  shear  [16]. 


Component 

designation 

Miller  indices  (shear  plane) 
[shear  direction] 

A 

(iiT)[iT0] 

A 

(1  11)  [110] 

B 

(112)  [110] 

B 

(1  12)[110] 

C 

(100)  [011] 

a: 

(11T)[2T1] 

a! 

(111)[211] 

z 

{111}  fibre 

{1 1 1}  <  M  V  w  > 

<111>  fibre 

{hkl}<\\Q> 

19 
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f  g 

Fig.  2.  Optical  micrographs  of  AA61 1 1  (in  thickness  cross-section): 

(a)  Billet  annealed  at  500°C  for  Ih,  and  sheet  samples  following  processing  via 
(b)  CR,  (c)  ASRd,  (d)  ASRv,  (e)  ASRf,  (f)  ECAPz,  (g)  ECAPy 
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Fig.  3.  TEM  images  of  AA61 1 1  sheet  samples  processed  by  different  techniques: 
(a)  CR,  TD  plane,  (b)  ASRd  ,  TD  plane,  (c)  ASRy ,  RD  plane,  (d)  ASRf  ,  RD  plane, 

(e)  ECAPz  ,  and  (f)  ECAPy 
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Fig.  4.  Yield  strength  as  a  function  of  processing  technique  for  samples  cut  along  the 

rolling,  transverse,  and  45“  directions. 


Fig.  5.  Tensile  strength  as  a  function  of  processing  technique  for  samples  cut  along 

the  rolling,  transverse,  and  45“  directions. 
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Fig.  6.  Tensile  duetility  as  a  funetion  of  proeessing  teehnique  for  samples  cut  along 

the  rolling,  transverse,  and  45“  directions. 


Fig.  6.  Typical  observations  from  the  Swift  deep-drawing  test. 
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Fig.  7.  Swift-test  results  for  AA61 1 1  sheet  samples  processed  via  conventional  rolling 

and  different  asymmetric-rolling  techniques. 


Fig.  8.  Swift  test  results  for  AA61 1 1  sheet  samples  extracted  from  the  z-  and  y-planes 
of  material  processed  via  one-pass  ECAP. 
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Fig.  9.  Textures  (in  terms  of  {111}  pole  figures)  developed  in  AA61 1 1  sheet  during 
different  types  of  rolling:  (a)  Conventional  (symmetrical)  rolling,  (b)  asymmetric 
rolling  with  different  friction  conditions,  (c)  asymmetric  rolling  with  differential 
roll  velocities,  and  (d)  asymmetric  rolling  with  differential  roll  diameters. 
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Fig.  10.  Ideal  orientations  of  fee  shear  textures  projected  onto  the  ND  plane.  The 
shear  plane  is  the  ND  plane;  the  shear  displacement  is  in  the  RD  direction. 


Fig  11.  The  texture  measured  after  one-pass  ECAP  (using  a  90°  die)  of  AA61 1 1  from 
both  the  (a)  ND  and  (b)  TD  views.  The  broken  circle  and  the  central  point  indicate 
the  position  of  the  ideal  <1 1 1>  ||  ND  fiber  in  (a). 
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Fig.  12.  The  ideal  positions  of  shear  components  in  a  (1 1 1)  pole  figure  on  the  TD 
projection  for  ECAP  with  a  90°  die.  SP  indicates  the  shear  plane,  and  SD  is  the 
shear  direction  (parallel  to  the  plane  of  intersection  of  the  two  channels). 


Fig.  13.  Textures  (in  terms  of  (1 1 1)  pole  figures  on  the  TD  projection)  developed  in 

AA61 1 1  via: 

(a)  Conventional  (symmetrical)  rolling,  (b)  asymmetric  rolling  with  different  friction 
conditions,  (c)  asymmetric  rolling  with  differential  roll  velocities,  and  (d) 
asymmetric  rolling  with  differential  roll  diameters. 
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Fig.  14.  Ideal  orientations  for  shear  textures  in  a  TD  projection. 
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